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FOREWORD

The study reported herein was conducted by personnel of the

Mobility Research Branch (MRB), Mobility and Environmental (M&E)

Division, U. S. Army Engineer Waterways Experiment Station (WES). The

study was sponsored by the Lunar Exploration Office, National Aeronautics

and Space Administration, Washington, D. C., and it was under the techni-

cal cognizance of Dr. N. C. Costes of the Space Sciences Laboratory,

George C. Marsh-... Space Flight Center (MSFC), Huntsville, Ala. The

work was performed umt NASA - Defense Purchase Request No. 11-65056A,

dated 16 December 1969.

The tests were conducted under the general supervision of

Messrs. W. C. Shockley and S. J. Knight, Chief and Assistant Chief,

respectively, of the M&. Division; and under the direct supervision of

Mr. A. J. Green and Dr. K.-J. ,Melzer of the Research Projects C~roup,

MRB. This report was prepared by Mr. Green and Dr. Melzer.

Th. wheels used in this study were furnished by the A. C. Electronics

Division of General Motors Corporation in cooperation with the Boeing

Company (Huntsville, Ala.) and NSFC.

Ackncowledgm:-nt is mide to Dr.. D. R. Freitag, Assistant Technical

Director, WES, for his advice and assistance during this study.

COL Levi A. Brown, CE, and COL Ernest D. Peixotto, CE, were Directors

of WES during the conduct of this study and preparation of this report.

Mr6 F. R. Brown was Technical Director.
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X 0 ON,
(toleProdc.d from !.ES Techn.cal. Reoort M.-70-2, "Perforrlance of v41oel.s for I
I.tLnac Veahicles." z.tany s,ýmbols sh'o,,rb aoie not used in OILS report.)

A Shear area, eur (in.2)

A I1ir:d.-surface contact area, c- 2 (in.':2 2)
A Active grouser area. ca (in.

b Width of wheel; widtn of grouser, cra (in.)

c Cohesion of the soil, kN/-u2 (psi)

Ca AParent cohesion of the soil, a ('psi)

Cohesion determined from bevameter tests, kN/m (psi)

C Cohesion determined from she1argraphi tests, tkNs/mt (psi)

C Cohesion determined from ?late in situ shear tests, kN/2 (psi)p

c Cohesion correspo.ading to tangeat friction angle, kN/m (psi)
t

Str Cohesion determined froin trenching tests, kN/m 2 (psi)

C Force due to apparent cohesion of the soil, N (ib)'

C Coeificient of uniformity of the soil d 6 0 /d 1 0

d Wheel diameter, cm (in.)

d " ean diameter of soil grains, wam (in.)

S d6 Grain-size diameter at 60 percent finer by weight, mm (in.)

D Depth, cm (in.)

D' Compactibility, % 100 ) e

min

'D Relative density, Z 100 Ma e

e Initial void ratio

e Maximum void ratio
max

e .Minimum void ratio

V Friction force, N (ib)

G Penetration resistance gradient, XN/m3 (pci*)

k ckn Bekker soil values
kd. Count ratio (wet density)

i . ... k -Count ratio (moisture content)

M, Torque, m-N (ft-lb).

N Number of grousers embedded in soil
9
P Pull, N (ib)

*pci - lb/in. 3  Preceding page blank
ix

.. . .. .. ,



PX Powre~r atviber, 14/Wr e(I. s )
2

qC Cone penetration rei;istaace, kN/Mu (psi)
r Radius of shear head, c. (in.)

SEffective wheel radius, cm (in.)

R Length of torque arm, cm (in.)

R Ratio of performance 120/W (iodified wheel/original wheel)
a FRI Soil potential ratios (2odifidied wheel/original wheal) for

plate in situ shear tests

, ,R' Soil potential ratios (modified wheel/original wheel) for
t.-. vacuum triaxial tests

A1 a Slip, X
V! s9 Average settlement of the plate in the in situ shear tests

28 Shear stress determined from bevargeher tests, kN/m (psi)
Cb
8 Shear stress determined from sheargraph tests, kN/m2 (psi)

c

av Shear stress, determined f'rom vane shear tests, WT/m2(psi)

S Soil potential

S,SSt Soil potential (plate in situ shear tests)

SSt' Soil potential (vacu-um triaxial tests)tI
v Translational speed of a wheel, m/see (fps)

V, Volume

w Moisture content, Z (percent of dry density)

w' moisture content, g/ca 3 (pcf) (mass per volume)

V Load; weight, N (lb)

x Grouser height, cm (in.)

9 Slope angle, deg

y Wet density, g/cm3 (pci)
3

yd Dry density, g/cm3 (pci)

y5  Specific gravity

AU Horizontal displacement of the plate in the in situ shear tests

AV/V " Volume change, Z

c Axial strain, %

Tt Efficiency - ratio of recoverable energy to total energy input

Xp Passive earth pressure factor for Rankine case

a -'Streses, kW/mý (7si)

aI Major principal stress, kX M. (psi)
Minor principal stresses, kN/m2' (psi) "" • g •pa Mmk

i 2..'3 Normial stress, IkI/m 2 (psi)



'. Shea: .stress, kW/,08 1s£)

'. Energy componen-t of total shear s nressV

'Friction anglep deg

b Friction angle determnined from bey ameter tests1 degb

e Friction angle determined from sheargraph tests, deg

ds Friction angle determined from direct shear tests? deg
Peak friction-angle detein-ined from plane strain tests, deg

P
.opt Fciction a•ngle determined from plate in situ shear tests, deg

or True friction angle, deg

Secant friction angle determined from triaxial tests, deg'

Ot Tangent friction angle determined from triaxial tests, deg

""• rottional velocity of the haeel, rpra

* •

•I I

I.I
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SUN-LARY

Two candidate wheels for the Boeing-GM Manned Lunar Rover Vehicle,
one fabric-covered and one constructed of open-wire mesh, were tested
for robility performance in a fine sand. Four levels of sand strength,
representing cohesion values ranging from zero to 0.16 psi, were used.
in the tests. The cohesional and frictional properties of the sand
spanned a range that is believed to include the probable range of lunar.
soil properties.

A dynamometer system was used to conduct programmed-slip tests
with the wheels. The slip was varied from a negative slip of 15% to a
positive slip of 1005. The wheels were tested at the average design
load (59 lb) and at 75 and 1255 of that load, so the influence of load
imbalance and dynamic load transfer could be assessed. The avcrage
speed at 0 percent slip was 3 ft/sec.

The test results show that the covered wheel was able to achieve
the desired tractive performance (pull/weight ratio = 0.J17, equivalent
to climbing a 25-deg slope) in the two strongest soil conditions, but
not in the two weakest ones. The open 'heel was not able to achieve this
tractive performance In any of the soil conditions tested. In the smnc
soil condition, the maximum pull/wcight ratio for the open wheel was
consistently less than that for the covered wheel.

The power required to attain a given level: of tractive performance
(below the maximum for a given wheel) was about the same for both wheels
in all soil conditions. The power requirement was greater on the venker
soils than on the stronger, and-it increased almost linearly with in-
creasing pull/weight ratio. On level soil, each wheel required about
7 whr/krn at the nominal rated load of 59 lb.

There was no consistent difference in the dimennionless perform-
ance ration (pull/weight, power ntmber, efficiency) as a direct result
of any of the thre: loads used. Thus, the effects of moderate load
im•alances do not appear critical.

The soil condition designated C0 w-as easily co:vpactcd by passnage
of the wheel. TMe results of one tcst with each ;heel in this soil
condition showed that the covered wheel co:ýpacted the soil to a densc.r
state than the open wheel did.

xiii



THE PERFOMANCE or TWO BOEING-GM WHEELS (0t1 V11 AND0 C4, VIII)

FOR THE MANNED LUNAR ROVER VEHICLE

PART I: INTRODUCTION

Background

1. Tests conducted in the summer of 1969 by the U. S. Army

Engineer Waterways Experiment Station (WES) to quantify the perfor-

mance of the 40-in.diam Bendix, Boeine-G-', and Grurxian wheels

indicated that the latter two wheels (as delivered to, VES) die' not

meet the requirements for slope-climbinp ability, i.e. 25 deg on

sandy soil. Accordingly, durnE the course of that test program,

simple modifications of these two wheels were maee ini an attempt to

improve their perforrtance. In the case of the Boein&-C!M wheel, it

was denonstrated that both reducing the stiffness of the wheel and

adding a fabric cover to it improved its performance. These tests

are fully reported in IVES Technical 1Ee;orl? No. M--70-2.*:

2. After the contract for the Manned Lunar Rover Vehlcle (1-1.,RV)

system was a,:arded to The Booing Conpany, its subcontractor, Gnneral

HIotors Corporation, fabricated two new 40-in.-diar, wheels, One .i;h

inner and outer wire-z-sh surf:ces sen'-rated by a lnvcr of fabrlc -,nd

with traction snires attachedl, to the outer surface, ant! the other of

9pen wire rnenh ane. v-ith chevrc:. r.etal treads (see fig. 1). At the

-Freitag•, D, R., Creen, A. J., an.d !elzer, K.-J'., "P'forinc 'u -.
tic:: of W •..:l. for Lun-r Vch5cles," Tecnical R,.'"ort :;o. No7."2,

arch 7 . .!;.
Vicks.hure6 ,T•ss-s.,',



request of the Ceorge C. Marshall Space Flight Center (NSPC), WES

conducted tests to evaluate the performance of these two wheels.

The results are reported herein.

PUnrpIose and Scone

3. The purpose of this test prograr was to cete,'ine the

quantitative perforraance of the fabric-covered wheel (G!! VII) and

the open-wire-mesh wheel (0! VIII). The test prograr consisted of

a series of single-wheel programned-slip tests in the sane sand lvted

in the earlier tests*. As had been clone in these earlier tests, the

consistency of the sane was varied to cover a rcznEe c• cehe'ie: ;,r

and frictional propertiis to sirulrte soil conditions assumed to

exist on the r.oon. Four soil conditions, S1 , CO, C'1 , and C2 (see

table 1), were used in the test progran. Initially, tests were to

be conducted on each soil condition at 51, 75, 300, 125, tand 3.50'

of the design load of 55-60 lb. flow:;ver, by rutual agreement, testing

at 50 and 150S of the design ioac:s was deeerr-d. The sare soil, wheel,

and wheel-performznce paraz-eters mr-asured In earlier tests were measured

in this test prograr..

=Ibid',., p 2.



PART II: TEST PROGRMA

Soil

4. The soil used in this study vws a fine dune sand from the

desert near Tunaa, Arizona. It was cl&.ssified SP-S?4 according to the

Unified Soil Classification System. Gradation and classification data,

together with deasity and %oid ratio values, are givcn in fig. 2. This

soil is primarily cohesionless, but it exhibits a snail amount of

cohesioM particularly when damp.

S. Level surfaces. The desired soil condition in dry sand was

obtained in the following manner: The test bins were filled and the

soil was plowed vith a seed fork to a depth of 12 in. For loose

cocditions, no compaction effort was necessary, so the surface of

the plowed section was screeded level; for the densir conditions, corn-

paction was applied at the surface with a vibrator before screedirng.

The relation between dry density and relative density for the material

is ishown in fig. 3.

6. To prepare the vet sand, a batch of dry sand vwas spread on the

floor, water was added, and the :.atrrial was thoroughly ntxed until the

dcsired nolsture content was reached. The naterial was tV:en duriped Into

the bins for further process!nZ (i.e. compacting and levelling), which

was the same as fer the ery sand. The nolsture level in these sections

was held constant by cover-Ing then when not in :i,- and occ,-seinally

:3



spraying the surface very lightly with water to compensate for evapo-

ration. The wet soil was reprocessed in place, being removed from the

soil bins only when a different level of moisture was required. During

the testing cycles in this test program, the uniformity of soil con-

ditions was ensured by frequent deter.ination of moisture content and

density and by measurements with the cone penetrormeter.

Test rquip ent

7. The dynamometer system used In these tests can accommodate

loads from approxinately 15 to slightiy more than 200 lL, and wheels

ranging from 18 in. to 45 in. in dianeter. Vertical load, horizontal

force (drawbar pull), torque, sinkage, carriage speed, and wheel speed

were continuously measured during, .ach test by instrunentation on the

dynamoneter carriage. The overage translational wheel speed at 0 per-

cen" slip was approxiLately 3 ft/sec; the rotational speed was constant.

Test Proceeures and Interpretation of Data

8. A prograned-slip tech'ndque wrs used in all the single-wheel

tests. The test was started wLen the wheel was it, the r.ceativc slip

range, i.e. tLe translaticn•.l speed of the carrlare was greater than

that of the wheel. The carriage was slc;:ed at,- protr•i-r.cd, utriforn

rate (wheel s-eed was ap;.rcxir.te-y corstant) to carise th-e vheel to pass

through the zero-torque pclnt, the 0t slip poirt, the s1lf-nropelled

poInt, etc., as slip progr'oss'vely increased to 100%.

4



9. The relation of pull and torque to slip can be shown by two

curves, such as those in fig. 4 that represent data obtained with the

open-mesh wheel (CM! VIII). Pull and torque increased at a decr,casing

rate and often reached a plateau after a slip of about 20% had been

achieved. Although all tests were not identical, pull and torque in

neal Wy all of them had reached a plateau, or significantly lot-oer rate

of increase, at a slip of 201, so data for conparinr perforrance of

the two wheels were read att20% slip.

10. The general shape of the efficiency versus slip curve for

the GI: VIII wheel is showni in fig. 5. This relation was generally

similar to that for the CH VII whee-!. flowever, in some instances, a

peak eff'ciency point was e'fficult to deternine. ror consistency

and ease of comparison, efficiency at 70% slip was recorded for all

the tests.

11. The plot of the rower nuriber PN V/%r e(l-s)J versus the pull

coefficient P/W (see fig. &)ris especially Important, since it ex;presses

the energy consuned per unit o! distance per unit of wheel or vehicle

weight in relation to crawbar pu~l/slope-clinbing ability. PrI at 0

pullI PN on a 15-deg slope (PIt 1 5 ), P1 on a 25-deg slcpe (PU12 5 .), and

PH at the poi'n-t on the curve where PIN ascends almost vertically (MU nrmx)

were recorded. To obtain whr/kii conforr.tnC to a slope of 15 der,, read

the value of M!15 or P/I = 0.27 (tan 150 = 0.27), and rultiply this

value by the desired wheel lond or vehicle 1wc'*ht in Newtons an, the

fraction 1000/3600.

5



PART III: PRESENTATIONI AND AN•I.YSIS OF RESULTS

Soil Tests

12. The soil tests conducted in this pregram included cone and

plate penetration resistance, moisture content, density, plate in-situ

shear with a rough-surfaced rectangular plate, and pl;'to in-situ shear

data collected previously.&

13. Values of the following parameters pertinent, to the tests

reported herein are contained in table 1: penetretior. resistance

gradient, G; bevameter values, kc, k,, n, Ob, and cb; cohesion from

trenching tests, ctr; tangent friction angle from triaxial tests,

it; friction angle from plate in-situ shear test, 6 P;density, Y,

relative dens!ty, Dr; and noisture content, w.

Performance of the rabric-Covered ,heel 0C1! VII)

P'ull and torcue

14. The relations of the pull and torqu c coefficients to slip on

soil prepared to four d.ifferent consistencies ;re shown in figs. 7-10.

The following observations can be made:

a. The rate of increasc in pull and torque coefficients with

slip in the 0-201 slip ranre renerally increased with soil

strength, and the point at which the slope of the

torque-slip end pull-slip reLationn chmr•ged rapidly

was reached at a lo;:er slip in the strong.er materials.

•Ibid., p 1.
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For example, this point was reached at about 15% slip on

the C2 soil condition (G'= 12.0 psi/in.), and at slightly

greater than 20% slip on the S1 soil condition

(G = 2.0 psi/in.).

b. There was no clear-cut tendency f-r the wheel to perform

better at the design load than at the other loads (75 ":rnd

125% of design load).

c. The pull-slip curves did not display the well-defined

plateaus that were noted for the hO-in.-diam wheels tested

In the earlier prograr..* Insted, they showed a gradual

increase in pull coefficient with slip in the 20-80% ramge.

Power number versus pull coef-
ft etent/s~oce-clirbing ability

15. Plots of power number versus pull coefficient/slope angle for the

test loads on each of the four soil conditions are shown in figs. ll-l1h.

The following observations can be made:

a. Power number increased directly with pull coefficient (or

slope angle) to a naxinun, or near maxinum, value of the

latter dual parr.meter and then rose almost vertically.

b. Ho significant or consistent effect of load per se wan

evident.

c. The power number between zero and the maximumi pull coeffi-

cient (or slope angle) generally was highjer for the two

lower soil streng.ths (CoS 1 ) than for the two higher

strenGtht;(C• I C)-

36. The curves in figs. li-]l.: can be used to co'npute the p:':cr

p4
* Ibid_, p 1.
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consumption rate on level and sloping surfaces by the fc-,ala

Power consumption rate = PH* x10 load (N)

in units of vhr/km/wheel

For example, from fig. 11, the power number for a 59-lb (260-N) load on

a 15-deg slope is read to be 0J6. Thus the power consumption rate

(per vheel) is

1000o.46 x g x 260 = 33.3 vhr/km/vheel

Efficiency

17. The relative efficiency of the vlheel is shovn in table 2. In

terms of the ratio of output work to input work at the 20% slip point,

efficiency ic expressed:

Pr Pr

20- - (1-a) .e .0.8
e

It is noted that n' does not vary noticeably with load, but does show

an increase as soil strength increases. This trend support.P the reason-

in& that more work Is dissipated in deforminr the weaker soils.

Sirkaa~e

18. In Ceneral~sikkaGes vere small. The gXeatest sinkage occurred

durins tests in the C0 soil condition, The rclation of sinkae- to slip

fot a 59-lb load in the C0 soil conditim] is shown in fig. 15.

Pull and torone

19. The relatioas of the pull J nd torque ccefficiemnts to clip for

the GM VIII V'veel teztd on soil prepared at the s.:e consintenclcs •CS

th.c:;c for tU.. tests with the fnbric.-Covercd Vi4ce3 ere sho::n in

figs. 16-2-9. The ffollo;-ln; dl cjscrvaticr., generall.-y p'ralJ.c,1 to t.h~;c

8



given for the fabric-covered wheel, are made:

a. The rate of increase in torque coefficient with slip,

in the 0-20% slip range, tended to increase with soil

strength, and the point at which the slope of the torque-

slip relation changed rapidly was reached at a lower slip

on the stronger soils.

b. Again, there was no clear-cut indication that performance

was best at any particular load. The pull coefficient

increased slightly throughout the 20-80% slip range.

Power number versus pull ceef-
fieient/slope-climbing! ability

20. The relations of power number versus pull coefficicnt/slope-

climbing ability for the four soil conditions are presented in figs. 20-23.

The power requirement is hirher in the loose, compactible material partic-

ularly the S1 and C0 soil condition. The open-mesh wheel begins to pick

up soil at about 10-20% slip, particularly the loosest wet sand, and carry

it inside the wheel; more and nore soil is picked up as slip increaces,

so that at 80 slip on the C soil condition, the wheel may be carrying
0

as much as 25 lb of soil (see fig. 24). Fig. 25 shows the wheel at the

design load operating on a C0 soil condition and illustrates that there

may be energy losses due to sand transportation.

21. The trapping and retention of sand within the wheel are tenta-

tively attributed to cohesion or ,dhe.ion of the sand particles. Scien-

tists at the lunar receiving laboratory found that the lunar soil particles

tended to adhere one to another during sieving operations, and so be

retained on sieves with openings much largrcr than the particle size. It

sec.• probalble, therefore, that the open-nesh wheel ria:y experience the swe

problem during a lunar traverse.

9



Efficiencv

22. The efficiency (ni') of the wheel did not display an definite

trends relatable to locqd, but the average values for a given soil con-

dition showed a systenatic increase in efficiency with soil strength.

The total increase over the range was 30%. This trend is in line with

the assumption that motion resistance due to soil deformation increases

uas the soil strength decreases.

Sinkage

23. The relation of sinkage to slip for the soil condition with the

smallest penetration resistance, Co , is shown in fig. 26. The load for

this test was 59 lb.

Comparative Pjerformance of Covered and O2p:nrh Wheels

24. Contact pressure, wheel deformation, and tire print data reas-

ured on an unyielding surface at loads representing 50, 75, 100, 125, and

1505 of the design load are listed in table 4 for both wheels.

Pull end torque

25. In general, the covered wheel developed higher pull and torque

at a given slip level and a higher maxirnti pull than did the open wheel.

Bot-h wheels show the sawae tretxds to'ard variation,; in performance with

load and soil strength.

Poa.cr number versus pull co:tf-
fi_.ciLt/slore-cl mbir.r bitz

26. The pover require:-nts of the tiwo vher-!! at the sclf-prope.lled

point cn a level surface were not ayprc-c5.blY diffe-rent. The data in

tables 2 end 3 and the Frcphtc displ,•..'; dict'.c that t" co':vr.O..

nay be able to neCotiat.- .].€_ of 25 doi; or great.er in the "r.se soils

10



(with some cohesion), while the open-mesh wheel may not. Maximum slope- I
climbing ability of the open-:'esh wheel is estimated at approximately

20 deg.

Efficiency

27. On the average, efficiencies at the 20 slip level were about

the same for both wheels, and both wheels developed the poorest efficiency

on the loose, wet sand (C0 ) soil condition. Iliat the efficiency of the

covered wheel may be considerably greater at higher slips is indicated

in a comparison of the data shown in figs. 27 and 28; that is, the spread

.between the torque-slip and pull-slip curves for a given pass is lower

for uhe covered wheel at slips greater than about 35%.

28. It can be noted in figs. 15 and 26 that the sinkaec for the open-

mesh wheel wats generally larger thcan that of the covered wheel; in fa¢ct,

it was about twice as large.

epetitive traffic

29. From visual observation, it was Judged that the covered wheel

compacts the soil nore than the open-resh wheel does, and thus leavcen a

firnier material in the path over which succeeding wheels travel., That

is; the covered wheel's perfor.rwnce is i..roved.on the second and third

pa~scs (the pull coefficient increasen with ea.ch p.zs), as shcr.n in

fig. 27. 'Me pull coefficient for the oven-L:c'h wheel (fig. 28) shows no

definite terdcucy to be altered by. traffic. The? torque coefficicnt-i for

the open-riczh w'heel btf-Jnn to inrerezt.t: rup'!Jly at sl.ip,:; grea..ter th:mi

about 35•. This increase Is t¢_-nta'ttiVivcl-y tttributed to the 3,-rge .:j---j'u

of s:-.d bei:t t.-rc, by the "hee-l A . i.

IJ



PART IV: CONCLUSIONS

30. The data collected and analyzed thus far are considered

adequate to form the following tentative conclusions:

a. The covered wheel had greater traction ane slope-

climbing ability.

b. Power consumption rates (whr/ka) were not greatly

different for the two wheels on level suTfaces anc slopes

of 15 deg or less.

c. Present trends in the analysis indicete that power

efficiency may be much lower for the opcn-mesh wheel

than for the covered wheel at slips greater than

55 percent.

d. In general, the data indicate that the wheels did

not perform any better at one load than at another.

e. On the CO soil condition, the covered wheel showed

a tendency to improve performance on the second and

third passes in the same path, whereas the open-mesh

wheel did not.
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